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Abstract

Agricultural compression-ignition engines require decarbonization strategies that can
reduce fossil-diesel demand without replacing robust power units already operating in
the field. This study experimentally evaluates an autonomous hydrous-ethanol port-fuel-
injection retrofit applied to a John Deere PowerTech™ Plus 6068 engine, a six-cylinder,
turbocharged, 6.8 L agricultural diesel engine with high-pressure common-rail direct
injection and MAR-1/Tier 3 equivalent emission compliance. Brazilian Diesel S10/B14 was
retained as the directly injected pilot fuel, while commercial hydrous ethanol was supplied
upstream of the cylinders through a FuelTech FT550-controlled low-pressure injection
system. Tests were performed at 1200 and 1600 rpm, under 200 and 800 N·m, using ethanol
injection pulse widths of 0, 10, and 20 ms. The analysis combines fuel consumption, brake-
specific fuel consumption (BSFC), diesel substitution ratio (DSR), energy substitution ratio
(ESR), fuel conversion efficiency (FCE), and regulated emissions. The strategy achieved
substantial diesel displacement at low load, with DSR and ESR reaching 61.9% and 71.6%,
respectively. The most balanced operating point occurred at 1600 rpm and 800 N·m with
20 ms ethanol injection, where DSR and ESR reached 21.1% and 22.9% while FCE varied by
only +0.03 percentage points relative to the diesel-only baseline (35.83% versus 35.80%).
CO2 emissions decreased in all dual-fuel cases, with reductions up to 18.0%, and NOx
generally decreased by as much as 35.2%. However, CO increased in all dual-fuel cases, and
HC increased strongly at low load. At high load, NOx decreased by 7.1% and 13.0% with 10
and 20 ms injection at 1200 rpm, whereas at 1600 rpm, it increased by 23.3% with 10 ms and
returned to the baseline level (−0.5%) with 20 ms. These results demonstrate that hydrous-
ethanol fumigation is a technically promising retrofit route for Brazilian agricultural diesel
engines, provided that future calibration manages the incomplete-combustion penalties
while preserving the CO2 and NOx benefits.

Keywords: agricultural engine; compression ignition; diesel substitution; emission
trade-off; hydrous ethanol; port fuel injection

1. Introduction
The transition from fossil-derived fuels has become a central requirement for the

automotive, heavy-duty transport, stationary power, and agricultural machinery sectors.
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This pressure is driven by increasingly stringent decarbonization targets, tighter limits
on regulated pollutants, and concerns regarding the security and affordability of energy
supply. Recent global energy assessments emphasize that energy security and climate
action must be addressed jointly, since reducing dependence on volatile fossil-fuel markets
requires the accelerated deployment of cleaner technologies and low-emission energy
carriers [1]. In this context, different pathways are being explored for mobility and off-
road applications, including battery-electric powertrains, hydrogen, ammonia, renewable
synthetic fuels, and biofuels. However, for heavy-duty and agricultural applications, where
high torque demand, long operating hours, fuel logistics, and equipment lifetime are critical
constraints, liquid renewable fuels and retrofit-compatible combustion strategies remain
technically relevant for reducing diesel dependence while preserving the robustness of
compression-ignition engines [2,3].

The Brazilian energy scenario provides a particularly favorable background for investi-
gating biofuel-based strategies in compression-ignition engines. Although Brazil is a major
crude-oil producer, the country still depends on imports to meet part of the domestic de-
mand for oil derivatives, especially diesel. According to the National Agency of Petroleum,
Natural Gas, and Biofuels of Brazil (ANP), diesel imports have represented a substantial
fraction of domestic diesel demand, with the ratio between imported Diesel A and domestic
Diesel B consumption reaching 25% in 2022; ANP monthly market data also indicate that
the share of foreign-origin diesel in national sales reached 33.34% in the same year [4]. At
the same time, Brazil has one of the most developed biofuel sectors in the world. In 2024,
Brazilian ethanol production reached 37.3 billion liters, including 29.7 billion liters from
sugarcane and 7.7 billion liters from corn, while biodiesel consumption reached 9.1 billion
liters [5]. In addition, ANP reported the commercialization of 21.66 billion liters of hydrous
ethanol and 67.25 billion liters of Diesel B in 2024 [6]. This combination of diesel-import
exposure, large-scale ethanol availability, and expanding biodiesel mandates has moti-
vated national policies such as RenovaBio, which establishes market-based decarbonization
targets for biofuels, and the Green Mobility and Innovation Program (MOVER), which
is the current Brazilian industrial policy for the automotive sector and is aligned with
decarbonization and technological innovation goals [7,8].

Within this framework, the use of ethanol in compression-ignition engines is an
attractive pathway to reduce fossil diesel consumption and mitigate emissions. Ethanol is
a renewable, oxygenated fuel with high volatility and a high latent heat of vaporization,
properties that can improve mixture preparation and reduce combustion temperatures.
These characteristics are particularly relevant for reducing thermal NOx formation, while
the partial displacement of diesel can reduce the carbon intensity of the fuel supplied to
the engine [3,9,10]. Nevertheless, the direct use of ethanol as the sole fuel in conventional
diesel engines is limited by its low cetane number, lower LHV compared with diesel, poor
lubricity for diesel high-pressure systems, and miscibility issues when blended directly
with diesel [9,11]. Therefore, a more practical approach is to use ethanol as a secondary
low-reactivity fuel while maintaining diesel as the high-reactivity pilot fuel responsible for
auto-ignition and combustion stabilization.

Dual-fuel operation in compression-ignition engines can be implemented through
three main strategies, as illustrated in Figure 1. The first approach is fuel blending or
emulsification, in which the primary and secondary fuels are mixed before injection. As
discussed by Agarwal and by Krishnan et al. [11,12], this method is simple and inex-
pensive, but it is limited by fuel stability, phase separation, reduced cetane number, and
material-compatibility concerns, especially when alcohols are blended with diesel. The
second approach is port fuel injection (PFI), also referred to as fumigation, in which the
secondary fuel is injected into the intake manifold and premixed with the intake air, while
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diesel remains directly injected into the cylinder. No, Abrar et al., and Sahu et al. [3,9,13]
emphasize that this strategy avoids diesel–ethanol phase-separation problems, allows for
independent control of the secondary fuel, and requires fewer hardware changes than dual
direct injection; however, it may increase CO and HC emissions under low-load operation
because of charge cooling, wall wetting, over-lean regions, and flame quenching. The
third approach is direct dual-fuel injection, in which both fuels are injected directly into
the combustion chamber. No and Rios et al. [9,14] indicate that this strategy provides the
highest degree of control over in-cylinder stratification and combustion phasing, but it
requires major cylinder-head modifications, additional high-pressure hardware, and more
complex calibration.

Figure 1. Main dual-fuel injection strategies used in compression-ignition engines: (a) fuel blending
or emulsions, (b) port fuel injection or fumigation, and (c) direct dual-fuel injection.

The CO and HC penalties associated with fumigation have well-identified physical
causes. Because the premixed ethanol–air charge fills the entire cylinder, part of it is forced
into crevice volumes, deposits, and the thermal quench layer adjacent to the relatively cold
combustion-chamber walls, where the flame initiated by the diesel pilot cannot propagate.
This trapped mixture returns to the cylinder during the expansion stroke, when the gas tem-
perature is already too low for complete post-flame oxidation, and is emitted as unburned
HC or partially oxidized CO [15–17]. In addition, the high latent heat of vaporization of
ethanol cools the charge and reduces the in-cylinder gas temperature, which slows the
oxidation of CO to CO2 during expansion [16,18]. These mechanisms are intensified at low
load: the large excess of air makes the premixed ethanol–air mixture very lean—possibly
too lean to sustain flame propagation; the lower bulk-gas and exhaust temperatures fur-
ther inhibit oxidation; and poor fuel distribution allows lean-mixture regions to escape
unburned into the exhaust [15–17]. A fraction of the fumigated charge can also short-circuit
directly to the exhaust during the valve-overlap period [15].

Beyond these three basic configurations, advanced low-temperature combustion con-
cepts such as reactivity-controlled compression ignition (RCCI) and direct dual-fuel stratifi-
cation (DDFS) can be regarded as sub-strategies of dual-fuel operation, defined mainly by
how and when the low- and high-reactivity fuels are delivered to the cylinder. In RCCI,
the low-reactivity fuel is typically port-injected to form a premixed charge, whereas the
high-reactivity fuel is directly injected early in the compression stroke, often in split injec-
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tions, so that the resulting reactivity stratification controls ignition timing and combustion
phasing [9,19]. DDFS extends this concept by injecting both fuels directly into the cylinder
and using the injection timing to control the in-cylinder distribution of each fuel, thereby
combining the efficiency of RCCI with the high-load capability of partially premixed
combustion [20]. These concepts provide a high degree of combustion control, but their im-
plementation requires full authority over the diesel injection timing and multiple-injection
schedule and, in the case of DDFS, an additional high-pressure direct injector.

The present work adopts the PFI/fumigation strategy because it is compatible with a
retrofit architecture and preserves the original high-pressure common-rail diesel injection
system and its factory calibration, which would have to be modified to implement RCCI
or DDFS. This choice is particularly important for agricultural engines already operating
in the field, where extensive redesign of the cylinder head or replacement of the original
fuel system would increase cost and reduce practical applicability. The experimental
platform is a John Deere PowerTech™ Plus 6068 compression-ignition engine, a six-cylinder,
four-stroke, turbocharged, 6.8 L engine equipped with high-pressure common-rail direct
injection and compliant with MAR-1/Tier 3 equivalent standards. The engine family is
representative of power units used in Brazilian agricultural machinery, such as tractors and
harvesters. Therefore, installing an independent ethanol PFI system on this platform allows
the proposed strategy to be evaluated under conditions closer to commercial agricultural
use than studies based only on small laboratory engines.

Several studies have investigated ethanol or alcohol addition in diesel engines using
blending, PFI, or advanced dual-fuel combustion concepts. Recent reviews show that
alcohol-assisted compression-ignition combustion can reduce soot, particulate matter, and
NOx emissions but often at the expense of higher CO and HC emissions, particularly at low
and medium loads [3,9,14]. Experimental PFI studies have reported that hydrous ethanol
port injection can achieve high ethanol mass fractions, although ignition delay, combustion
duration, emissions, and economic feasibility are strongly affected by the substitution
level and fuel prices [10]. Ethanol port injection combined with exhaust-gas recirculation
can reduce NOx and environmental damage costs under selected conditions, while CO,
HC, and smoke penalties may increase [21]. Ethanol port-injection timing and delivery
rate have also been shown to affect in-cylinder pressure, temperature, and combustion
behavior in heavy-duty diesel engines [22]. Other works have explored more advanced or
alternative configurations, including renewable diesel fuels with bioethanol in dual-fuel
mode for small-scale power generation, ethanol blend and dual-fuel modes in advanced
compression-ignition platforms, and bioethanol in intelligent charge compression ignition
(ICCI) operation [23–25]. These studies confirm the potential of ethanol-assisted diesel
combustion, but they also highlight the sensitivity of the results to engine architecture, load,
injection strategy, ethanol fraction, and fuel properties.

Although numerous studies have already employed the dual-fuel strategy, recent
research continues to explore combinations of different fuels under different operating
conditions and in diverse applications. Górski et al. [26] evaluated ethanol–diesel blends
containing 10 and 20% ethanol by volume in an AVL 5402 single-cylinder research engine
and found that ethanol mainly affected the early stage of combustion, reducing the benefit
of the pilot injection; with 20% ethanol, the in-cylinder pressure rise was approximately
25% higher, and the peak mean in-cylinder temperature was up to 60 ◦C higher than with
neat diesel, which tends to favor NOx formation, whereas the ignition delay increased by
no more than about 1◦ crank angle. Rehman and Rashid [27] compared diesel–ethanol and
diesel–1-pentanol blends at 15, 25, and 50% by volume in a two-cylinder direct-injection
diesel engine and reported that the 25% ethanol blend provided the highest brake thermal
efficiency and the lowest BSFC, with ethanol fractions of up to 25% offering the most
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favorable balance of performance, efficiency, and stability. Adekanbi et al. [28] investigated
biodiesel–ethanol blends containing up to 50% ethanol in a production 13.6 L multi-cylinder
off-road compression-ignition engine and showed that combustion instability is the main
barrier at low load, where measures such as charge-air-cooler bypass and pilot injection
were required to obtain stable, diesel-like combustion, while higher ethanol fractions in-
creased the maximum pressure-rise rate. In spark-ignition applications, Zhang et al. [29]
combined 50% ethanol–gasoline and butanol–gasoline blends with flash-boiling injection
in a constant-volume combustion chamber under cold-start gasoline direct-injection con-
ditions and found that the ethanol blend reduced HC emissions by 42% and NOx by
37.5%. These recent works confirm that the response of alcohol-assisted combustion de-
pends strongly on the fuel combination, engine architecture, and operating condition and
that low-load operation remains the most critical regime, which is directly relevant to
agricultural engines.

Despite these advances, an important literature gap remains regarding the implemen-
tation of an independent hydrous-ethanol PFI system in a commercial-scale agricultural
compression-ignition engine operating with Brazilian commercial fuels. Many previous
studies were conducted using single-cylinder research engines, generator sets, advanced
combustion platforms, or non-agricultural configurations. In addition, the primary diesel
fuel used in many investigations does not reflect the current Brazilian Diesel S10 market,
where the fuel contains a mandatory and progressively increasing biodiesel fraction; during
the present experimental campaign, commercial Diesel S10 corresponded to B14, containing
14% biodiesel by volume, according to the national blending regulation [7]. Therefore, the
originality of this study lies in evaluating an independent retrofit ethanol PFI system on
a widely used John Deere 6068 agricultural engine using hydrous ethanol and Brazilian
Diesel S10/B14. The analysis simultaneously quantifies fuel consumption, brake-specific
fuel consumption, fuel conversion efficiency, diesel substitution ratio, energy substitution
ratio, and regulated exhaust emissions. This integrated performance–emission assessment
provides practical evidence for the feasibility and limitations of ethanol fumigation as a
diesel-displacement strategy in the Brazilian agricultural sector.

The scope of this work is also aligned with the United Nations Sustainable Develop-
ment Goals (SDGs) [30]. The partial substitution of fossil diesel by bioethanol contributes
to SDG 7 by increasing the use of renewable energy in the transport and agricultural energy
matrix. The development of an independent retrofit injection system contributes to SDG 9
by promoting innovation and technological modernization of existing industrial equip-
ment. The evaluation of pollutant emissions supports SDG 11 by addressing air-quality
concerns associated with mobile and off-road combustion sources. The use of nationally
produced biofuels and the assessment of fuel-use indicators are related to SDG 12, which
emphasizes more responsible consumption and production patterns. Finally, the reduction
in fossil-carbon dependence and the evaluation of CO2 emission behavior are connected to
SDG 13, which focuses on climate-change mitigation.

The remainder of this paper is organized as follows. Section 2 describes the exper-
imental setup, including the John Deere 6068 engine, the independent ethanol injection
system, the dynamometer bench, the exhaust-gas measurement devices, the gravimetric
fuel-consumption system, and the test procedure. It also defines the performance pa-
rameters used in the analysis, including BSFC, DSR, ESR, and FCE. Section 3 presents
and discusses the fuel-consumption, performance, and emission results under diesel-only
and dual-fuel operation. Finally, Section 4 summarizes the main findings, identifies the
principal performance–emission trade-offs, and indicates the calibration requirements for
future optimization of the proposed dual-fuel strategy.
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2. Materials and Methods
This section describes the experimental arrangement and the calculation procedure

used to evaluate the proposed dual-fuel strategy in the John Deere 6068 compression-
ignition engine. The section is divided into three subsections. First, the experimental
setup is presented, including the engine, the independent ethanol port-injection system,
the dynamometer bench, the exhaust-gas measurement devices, the fuel-consumption
measurement system, and the adopted test procedure. Second, the performance parameters
used to quantify the fuel-use behavior of the dual-fuel configuration are defined—namely,
brake-specific fuel consumption (BSFC), diesel substitution ratio (DSR), energy substitution
ratio (ESR), and fuel conversion efficiency (FCE). Third, the experimental uncertainty
and statistical analysis are described, including repeated measurements, instrument-level
uncertainties, uncertainty propagation, and Welch tests used to evaluate differences relative
to the diesel-only baseline.

2.1. Experimental Setup

The experimental investigation was performed on a John Deere PowerTech™ Plus
6068 compression-ignition engine installed in a dynamometric test facility. The engine is a
six-cylinder, four-stroke, turbocharged diesel engine with air-to-air aftercooling, 6.8 L total
displacement, high-pressure common-rail direct injection, and MAR-1/Tier 3 equivalent
emission compliance. In Brazil, MAR-1 is the off-road phase of the national PROCONVE
emission-control program for new agricultural and road-construction machinery. Estab-
lished by CONAMA Resolution No. 433/2011, it defines emission limits for engines used
in these machines and entered into force in stages beginning in 2015, with the last im-
plementation stage reported for January 2019 [31]. Therefore, the use of a MAR-1/Tier 3
equivalent John Deere engine makes the experimental platform representative of Brazilian
regulated agricultural machinery rather than only a generic laboratory diesel engine. The
main engine specifications are summarized in Table 1, while Figure 2 shows the engine
installed in the dynamometer cell.

Table 1. John Deere PowerTech™ Plus 6.8 L engine specifications.

General Engine Data

Manufacturer/Model John Deere/PowerTech™ Plus 6.8 L
Engine type Diesel, 6-cylinder in-line, 24-valve
Displacement 6.8 L (415 cu in)
Bore × stroke 106 × 127 mm (4.17 × 5.00 in)
Compression ratio 17.0:1
Aspiration Turbocharged with air-to-air aftercooler
Fuel system High-pressure common rail (HPCR)
Emissions compliance MAR-1 (Brazil)/Tier 3 equivalent

Performance Data

Rated power @ 2100 rpm 230 hp/169 kW
Maximum power with IPM @ 1900 rpm 253 hp/186 kW
PTO power (rated) 196 hp/144 kW
Peak torque speed 1550 rpm
Peak torque approximately 1022 N·m
Torque rise 33%
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Figure 2. John Deere engine inside the dynamometric testing facility.

2.1.1. Fuel Specification

Two commercial fuels available in Brazil were used in this study: Diesel S10 as
the primary fuel and hydrous ethanol as the secondary fuel. Diesel S10 was directly
injected into the combustion chamber by the original HPCR system, whereas hydrous
ethanol was independently injected into the intake manifold through the port-fuel-injection
arrangement described below. According to the ANP [32], Diesel S10 is an ultra-low-
sulfur diesel fuel with a maximum sulfur content of 10 mg kg−1. During the experimental
campaign, the commercial Diesel S10 used in the tests corresponded to the Brazilian
diesel blend available at the pump, which already contained 14% by volume of Fatty Acid
Methyl Esters (FAMEs), commonly known as B14 diesel, in accordance with the mandatory
national biodiesel-blending regulation. The hydrous ethanol was also used as commercially
supplied. No chemical additives, ignition improvers, emulsifiers, or co-solvents were
added to either fuel.

For the energy-based calculations, the lower heating values adopted in this work were
LHVd = 42,500 kJ kg−1 for Diesel S10 and LHVe = 26,800 kJ kg−1 for hydrous ethanol.
These values were kept consistent with the processed spreadsheet used for the present
data reduction and with the official Brazilian reference basis provided by ANP, which
publishes conversion factors, densities, and lower heating values for fuels commercialized
in Brazil [33].

2.1.2. Independent Ethanol Injection System

The independent ethanol injection system was designed as a retrofit port-fuel-injection
system, keeping the original diesel direct-injection system unchanged. This retrofit archi-
tecture was selected to avoid structural modifications to the original engine and to allow
ethanol injection to operate without accessing, modifying, or reprogramming the original
engine electronic control unit (ECU). The system consists mainly of a FuelTech FT550
programmable ECU [34], Bosch Motorsport EV6 ethanol injectors [35], an ethanol fuel tank,
a fuel pump, a pressure regulator, a pressure sensor, fuel filters, and the corresponding fuel
lines, as shown in Figure 3. The secondary fuel was introduced upstream of the cylinders,
allowing ethanol to mix with the intake air before entering the combustion chamber. Diesel
remained responsible for auto-ignition and for stabilizing the combustion process.

The FuelTech FT550 ECU was used to control the ethanol injectors independently
from the original diesel ECU. This unit allows flexible configuration of fuel maps and
injector pulse widths, with a pulse-width resolution of 0.001 ms. It also supports sequential,
semi-sequential, and multipoint injection strategies, as well as 2D and 3D injection maps.
In the present work, the ethanol system was operated with continuous injection at fixed
pulse widths defined by the test matrix. The ECU was also used to monitor auxiliary
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sensors installed on the engine, including exhaust-gas pressure at the turbocharger inlet,
exhaust-gas temperature at the turbocharger inlet and outlet, and the lambda sensor.

Figure 3. Independent ethanol port-injection system installed on the John Deere 6068 engine.

The ethanol injector used in this study was a Bosch Motorsport EV6 injector (OE No.
0 280 155 968). According to the manufacturer data, this injector has an electrical resistance
of 12 Ω and a nominal static flow rate of 349 g/min at 380 kPa. At 300 kPa, the static
flow rate is 310.1 g/min, corresponding to 443 mL/min, and the dynamic flow rate is
9.77 g per 1000 injection impulses for an injection time of 2.5 ms. These characteristics were
considered suitable for the ethanol fumigation strategy evaluated in the present engine
platform.

2.1.3. Dynamometer Bench and Data Acquisition

The engine was coupled to an SP TRONIC HD400 hydraulic dynamometer [36]
through a cardan shaft. The HD400 is a water-brake dynamometer equipped with an
inlet servo-valve for rapid and precise load control, electronic torque measurement, and
rotational-speed sensing. According to the manufacturer, the dynamometer is suitable for
engines up to 400 hp (294 kW), with maximum torque of 165 kgm and maximum speed of
4000 rpm. The main dynamometer specifications are summarized in Table 2. The tests were
operated through the ECAT v1.0 (Engine Control and Acquisition Technology) software,
which enables automated test routines, real-time data acquisition, safety-limit monitoring,
and export of experimental data for subsequent processing.
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Table 2. Main specifications of the SP TRONIC HD400 hydraulic dynamometer.

Parameter Specification

Maximum power 400 hp (294 kW)
Maximum torque 165 kgm
Maximum speed 4000 rpm
Speed direction Bi-directional
Water flow at maximum power 15 m3/h
Water inlet pressure 2 bar
Dimensions (W × D) 0.75 × 0.90 m
Center-line height 925 mm
Weight 450 kg
Inertia 1.06 kg·m2

2.1.4. Exhaust-Gas Measurement

The exhaust emissions were measured using two systems. CO2, CO, and total HC
were measured using a Tecnomotor TM-131 gas analyzer [37] based on non-dispersive
infrared (NDIR) spectroscopy. The measurement range and resolution were 0–10% vol and
0.01% vol for CO, 0–20% vol and 0.1% vol for CO2, 0–20,000 ppm vol and 1 ppm vol for HC
as hexane equivalent, and 0–40,000 ppm vol and 1 ppm vol for HC as propane equivalent.
NOx were measured using an ECOTORQ portable NOx analyzer [38], which performs
direct sampling through a calibrated probe and reports NOx concentration in ppm.

2.1.5. Fuel-Consumption Measurement

Diesel and ethanol consumption were measured gravimetrically using two Marte
AD-5002 precision balances [39], one for each fuel. Each balance has a maximum capacity
of 5010 g, readability of 0.01 g, reproducibility of 0.01 g, tare range from 0 to 5010 g, and
RS232 communication interface. The balances were connected to a computer, and a data-
acquisition script recorded the fuel mass at 1 s intervals. The fuel consumption rate was
then obtained from the mass variation over the selected steady-state time interval.

2.1.6. Summary of Equipment, Instruments, and Fuels

For clarity, the main equipment, measuring instruments, and fuels used in the experi-
mental campaign are summarized in Table 3, together with their manufacturers and their
function in the test bench.

2.1.7. Experimental Procedure and Test Matrix

Before each test sequence, the engine was warmed up at idle speed, approximately
900 rpm, for about 15 min. The gas analyzer and NOx meter were initialized and allowed
to complete their internal warm-up and calibration routines. For each operating point,
the engine was brought from idle to the target speed and torque using the dynamometer
control system. After the operating condition had stabilized, a continuous time window
was selected for data analysis.

The dual-fuel test matrix comprised two engine speeds (1200 and 1600 rpm); two
brake torque levels (200 and 800 N·m); and three ethanol injection pulse widths (0, 10,
and 20 ms). The 0 ms condition corresponds to the original diesel-only operation and was
used as the baseline for each speed–torque condition. For each test point, engine speed
and brake torque were maintained as constant as possible, while only the ethanol injection
pulse width was changed. This procedure allowed the influence of ethanol addition to be
evaluated under equivalent brake-power conditions.
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The operating points were selected to reproduce, at both ends of the load range, the
ways in which agricultural engines are typically used in the field. In tractors and harvesters,
the engine usually runs at a speed that is kept approximately constant by the operator
or governor to meet the power take-off or implement requirement, while the load varies
from low to high depending on the implement and field conditions. Accordingly, two
engine speeds were combined with a low and a high brake torque: 1600 rpm lies close to the
peak-torque speed of the engine (1550 rpm, Table 1), whereas 1200 rpm represents a reduced-
speed condition, and the torque levels of 200 and 800 N·m correspond to approximately
20% and 78% of the peak torque. This steady-state, discrete speed–load approach is
consistent with the modal logic of off-road emission test cycles, such as those defined
in ISO 8178-4 [40]. The purpose of the matrix was to quantify, at low and high load, the
changes in emissions and fuel consumption relative to the original diesel-only operation so
that the combined results can subsequently be used to identify an optimum operating point
or a load-dependent ethanol calibration applicable to the real duty cycle of this engine.

The ethanol injection pulse widths were defined based on preliminary tests on the
same engine. The upper limit of 20 ms corresponded to the maximum amount of ethanol
that could be injected while maintaining engine operation; for longer pulse widths, the
charge-cooling effect of ethanol evaporation led to engine shutdown. The intermediate
value of 10 ms, corresponding to half of this maximum feasible injection, was adopted to
characterize the evolution of performance and emissions between the diesel-only baseline
and the maximum substitution level.

Table 3. Main equipment, measuring instruments, and fuels used in the experimental campaign.

Item Model Manufacturer/Supplier Function

Test engine PowerTech™ Plus 6068 (6.8 L,
HPCR) John Deere, Moline, IL, USA Engine under test; diesel pilot

injection

Ethanol ECU FT550 FuelTech, Porto Alegre, RS, Brazil Ethanol injection control and
auxiliary sensor monitoring

Ethanol injectors Bosch Motorsport EV6 (0 280 155
968)

Robert Bosch Ltda., Campinas, SP,
Brazil Ethanol port injection

Dynamometer HD400 hydraulic dynamometer SP Tronic, Guarulhos, SP, Brazil Brake load, torque, and speed

Test-bench software ECAT SP Tronic, Guarulhos, SP, Brazil Test automation and data
acquisition

Gas analyzer TM-131 (NDIR) Tecnomotor, São Carlos, SP, Brazil CO2, CO, and HC

NOx analyzer ECOTORQ Hybrid e-Controls, São José dos
Campos, SP, Brazil NOx

Precision balances (2 units) AD-5002 Marte Científica, Santa Rita do
Sapucaí, MG, Brazil

Gravimetric diesel and ethanol
consumption

Primary fuel Diesel S10/B14
Commercial fuel meeting ANP
specifications, Ilha Solteira, SP,
Brazil

Directly injected pilot fuel

Secondary fuel Hydrous ethanol
Commercial fuel meeting ANP
specifications, Ilha Solteira, SP,
Brazil

Port-injected secondary fuel

Figure 4 summarizes the experimental arrangement, including the diesel system,
the independent ethanol circuit, the intake and exhaust paths, the dynamometer, the gas
analyzer, the NOx measurement system, and the data-acquisition computers.

2.2. Engine Performance Parameters

The performance analysis was based on the brake power measured during the dy-
namometer tests, the diesel and ethanol mass-flow rates obtained from the gravimetric
system, and the lower heating values of both fuels. The formulations in this subsection
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follow the engine-performance definitions and mass- and energy-balance framework pre-
sented by Heywood [41], adapted here to account for the separate diesel and ethanol
streams and to define the mass-based diesel substitution ratio and the ethanol energy
fraction. The brake power, Pb, can be obtained from the measured engine speed and brake
torque as

Pb =
2πNT
60000

, (1)

where Pb is the brake power in kW, N is the engine speed in rpm, and T is the brake torque
in N·m.

Figure 4. Schematic of the experimental setup used for the dual-fuel tests.

The total fuel mass-flow rate in the dual-fuel operation is defined as

ṁ f ,tot = ṁd + ṁe, (2)

where ṁd is the diesel mass-flow rate and ṁe is the ethanol mass-flow rate. In the present
analysis, both mass-flow rates are expressed in g/s.

2.2.1. Brake-Specific Fuel Consumption

The brake-specific fuel consumption (BSFC) was calculated using the total mass-flow
rate of both fuels. This definition is suitable for dual-fuel operation because it accounts for
the total fuel mass required to produce a given brake power:

BSFC =
(ṁd + ṁe) 3600

Pb
. (3)

In Equation (3), BSFC is expressed in g/kWh, ṁd and ṁe are in g/s, and Pb is in kW.
For the baseline diesel-only condition, ṁe = 0.
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2.2.2. Diesel Substitution Ratio

The diesel substitution ratio (DSR) quantifies the percentage reduction in diesel mass
consumption relative to the diesel-only baseline at the same engine speed and brake torque.
It is defined as

DSR =
ṁd,b − ṁd,d f

ṁd,b
× 100, (4)

where ṁd,b is the diesel mass-flow rate in the baseline condition and ṁd,d f is the diesel
mass-flow rate during dual-fuel operation. The baseline condition has DSR = 0% by
definition. This parameter is mass-based and therefore indicates how much diesel mass
was replaced by ethanol, but it does not account for the different heating values of the
two fuels.

2.2.3. Energy Substitution Ratio

The energy substitution ratio (ESR) represents the fraction of the total chemical energy
supplied by ethanol during dual-fuel operation. It is calculated as

ESR =

(︂
ṁe

1000

)︂
LHVe(︂

ṁd
1000

)︂
LHVd +

(︂
ṁe

1000

)︂
LHVe

× 100, (5)

where LHVd and LHVe are the lower heating values of Diesel S10 and hydrous ethanol,
respectively, in kJ/kg. The division by 1000 converts the mass-flow rates from g/s to kg/s.
Unlike DSR, ESR accounts for the lower energy density of ethanol and therefore provides
an energy-based measure of fuel replacement.

2.2.4. Fuel Conversion Efficiency

The brake fuel conversion efficiency (FCE), η f , expresses the fraction of the total fuel
chemical-energy rate converted into brake power. For dual-fuel operation, it was computed
by considering the energy input from both diesel and ethanol:

η f =
Pb(︂

ṁd
1000

)︂
LHVd +

(︂
ṁe

1000

)︂
LHVe

× 100. (6)

Here, Pb is in kW, the fuel mass-flow rates are originally measured in g/s, and the
lower heating values are in kJ/kg. Therefore, the denominator represents the total chemical-
energy input rate in kJ/s, which is numerically equivalent to kW. For the baseline condition,
Equation (6) reduces to the conventional diesel-only brake fuel conversion efficiency be-
cause ṁe = 0.

Together, BSFC, DSR, ESR, and FCE provide complementary information. BSFC
indicates the total mass of fuel required per unit of brake energy, DSR quantifies the
reduction in diesel mass consumption, ESR expresses the energetic contribution of ethanol,
and FCE evaluates how effectively the combined chemical energy of diesel and ethanol is
converted into useful brake work.

2.3. Experimental Uncertainty and Statistical Analysis

Each operating point was measured in repeated runs, and all derived quantities
are reported as the mean ± one standard deviation (SD). For the main performance and
emission metrics, the 95% confidence interval of the mean (CI95) and the coefficient of
variation (CV) were also computed. The number of valid repetitions (n) ranged from
three to four depending on engine speed. Specifically, each 1200 rpm operating point was
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measured with three valid repetitions (n = 3), whereas each 1600 rpm operating point was
measured with four valid repetitions (n = 4).

The instrument-level (type-B) uncertainties of the primary measurements are listed in
Table 4. The uncertainties of the derived quantities were obtained by standard propagation
of uncertainty, following the method of Kline and McClintock [42] and the Guide to the
Expression of Uncertainty in Measurement (GUM) [43]. For a quantity (y = f (x1, . . . , xk))
with independent inputs,

uy =

⌜⃓⃓⎷ k

∑
i=1

(︃
∂ f
∂xi

uxi

)︃2
. (7)

Applying Equation (7) to Equations (1)–(6) gives the relative uncertainties of Pb, BSFC,
FCE, DSR, and ESR. Because torque and speed are measured with relative uncertainties
below 1%, the dominant contribution to the performance metrics comes from the fuel
mass-flow measurement, particularly at low load, where the diesel mass flow is small and
the run-to-run scatter is larger. The resulting propagated standard deviations are reported
together with the experimental SD in the result tables and shown as error bars in the figures.

For each dual-fuel condition, the statistical significance of the change relative to the
corresponding diesel-only baseline was assessed with a two-sample Welch t-test (unequal
variances) [44] on the raw repetitions, using a significance level of α = 0.05. The Welch
test was preferred over the t-test because the baseline and dual-fuel groups do not have
equal variances or equal sample sizes. The significance outcome is reported in the emission
tables. This statistical layer is used to avoid over-interpreting differences that fall within
the experimental scatter—in particular, at operating points where the baseline itself shows
a high coefficient of variation.

Table 4. Instrument resolution and estimated standard (type-B) uncertainty of the primary measured
quantities.

Quantity Instrument Resolution/Std. Uncertainty

Brake torque (T) SP TRONIC HD400 load cell ±0.5% of reading
Engine speed (N) HD400 speed sensor ±1 rpm (<0.1%)
Fuel mass (diesel, ethanol) Marte AD-5002 balance 0.01 g readability
CO2 concentration Tecnomotor TM-131 (NDIR) 0.1% vol
CO concentration Tecnomotor TM-131 (NDIR) 0.01% vol
HC concentration Tecnomotor TM-131 (NDIR) 1 ppm vol
NOx concentration ECOTORQ analyzer 1 ppm vol

3. Results and Discussion
This section presents and discusses the experimental results obtained with the pro-

posed dual-fuel strategy based on independent ethanol port injection in a John Deere 6068
compression-ignition engine. The analysis was conducted at two engine speeds, 1200
and 1600 rpm, and two brake torque levels, 200 and 800 N·m, while the ethanol injection
pulse width was varied among 0, 10, and 20 ms. The 0 ms condition corresponds to the
original diesel-only operation and was adopted as the baseline for all comparative evalua-
tions. For each operating condition, the engine speed and brake torque were kept constant,
allowing the effects of ethanol addition to be evaluated under equivalent brake-power
conditions. The results are discussed in terms of diesel consumption, ethanol consumption,
brake-specific fuel consumption, fuel conversion efficiency, diesel substitution ratio, energy
substitution ratio, and exhaust emissions. The emission analysis includes CO2, CO, HC,
and NOx, enabling the environmental response of the dual-fuel strategy to be interpreted
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together with its fuel-use and performance behavior. This combined approach allows the
practical viability of ethanol fumigation in agricultural compression-ignition engines to be
assessed in terms of the relationship between fuel replacement, combustion efficiency, and
emission trade-offs.

Before presenting the derived performance indicators, the primary experimental inputs
used for the fuel-consumption and performance analysis are summarized in Table 5. The
table reports the brake power, Pb, measured for each operating condition, together with the
average mass-flow rates of Diesel S10 and hydrous ethanol obtained from the gravimetric
fuel-consumption system. The baseline cases correspond to diesel-only operation, with
zero ethanol injection, whereas the 10 and 20 ms cases represent dual-fuel operation with
independent ethanol port injection. These values constitute the direct input data for the
calculation of BSFC, DSR, ESR, and FCE discussed in the following subsection.

As shown in Table 5, the brake power remained within a narrow range for each
fixed speed–torque condition, confirming that the comparison between baseline and dual-
fuel operation was performed under approximately equivalent brake-load conditions. At
1200 rpm and 200 N·m, Pb varied from 24.849 to 25.821 kW, corresponding to a maximum
deviation of 3.9% from the baseline, while at 1200 rpm and 800 N·m, it remained close to
100 kW, within 1.0% of the baseline. Similarly, at 1600 rpm, the low-load cases remained at
approximately 34 kW (within 1.2%), whereas the high-load cases ranged from 132.277 to
135.511 kW (within 2.4%). Therefore, variations in the subsequent performance indicators
are mainly associated with the change in fuel composition rather than with large changes
in useful brake power.

The fuel-consumption data also show the expected reduction in Diesel S10 mass flow
as the ethanol injection pulse width increased. This reduction was particularly pronounced
under low-load conditions. At 1200 rpm and 200 N·m, diesel consumption decreased from
1.664 g/s in the baseline case to 0.634 g/s with 20 ms ethanol injection, a reduction of
61.9%. At 1600 rpm and 200 N·m, it decreased from 2.490 to 0.996 g/s, a reduction of 60.0%.
Under high-load conditions, the reduction was more moderate in relative terms, with diesel
consumption decreasing from 6.113 to 4.879 g/s at 1200 rpm and 800 N·m (−20.2%) and
from 8.693 to 6.860 g/s at 1600 rpm and 800 N·m (−21.1%). In parallel, hydrous ethanol
consumption increased with the injection pulse width in all operating conditions, reflecting
the intended replacement of part of the diesel fuel by the secondary renewable fuel.

Table 5. Brake power and average fuel-consumption rates for the tested dual-fuel operating
conditions.

Operating
Condition
rpm/N·m

Ethanol Pulse
Width (ms)

Brake Power
Pb (kW)

Diesel S10
ṁd (g/s)

Hydrous
Ethanol
ṁe (g/s)

1200/200 0 24.849 1.664 0.000
1200/200 10 25.429 1.155 1.209
1200/200 20 25.821 0.634 2.529

1200/800 0 99.574 6.113 0.000
1200/800 10 100.421 5.501 1.374
1200/800 20 100.576 4.879 2.642

1600/200 0 34.425 2.490 0.000
1600/200 10 34.030 1.890 1.773
1600/200 20 34.221 0.996 3.648

1600/800 0 132.277 8.693 0.000
1600/800 10 134.444 8.037 1.613
1600/800 20 135.511 6.860 3.233
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3.1. Fuel Consumption and Engine Performance Under Dual-Fuel Operation

Table 6 consolidates the derived performance metrics (BSFC, FCE, DSR, and ESR) for
all operating conditions, each reported as mean ± propagated standard deviation. The cor-
responding trends are shown in Figure 5, where the error bars represent the propagated SD.

Table 6. Derived performance metrics (mean ± propagated SD) under diesel-only (0 ms) and hydrous-
ethanol dual-fuel operation.

Cond.
(rpm/N·m) PW (ms) BSFC

(g/kWh) FCE (%) DSR (%) ESR (%)

1200/200 0 241.1 ± 8.1 35.1 ± 1.1 0.0 ± 0.0 0.0 ± 0.0
1200/200 10 334.6 ± 24.9 31.2 ± 1.7 30.6 ± 3.9 39.8 ± 3.4
1200/200 20 440.9 ± 50.0 27.3 ± 2.8 61.9 ± 5.8 71.6 ± 4.1

1200/800 0 221.0 ± 1.9 38.3 ± 0.3 0.0 ± 0.0 0.0 ± 0.0
1200/800 10 246.5 ± 7.4 37.1 ± 0.8 10.0 ± 1.4 13.6 ± 1.6
1200/800 20 269.2 ± 11.8 36.2 ± 1.1 20.2 ± 0.9 25.5 ± 2.3

1600/200 0 260.4 ± 15.0 32.5 ± 1.8 0.0 ± 0.0 0.0 ± 0.0
1600/200 10 387.5 ± 26.7 26.6 ± 1.5 24.1 ± 5.6 37.2 ± 3.3
1600/200 20 488.5 ± 43.8 24.4 ± 2.0 60.0 ± 2.7 69.8 ± 2.5

1600/800 0 236.6 ± 2.3 35.8 ± 0.3 0.0 ± 0.0 0.0 ± 0.0
1600/800 10 258.4 ± 7.7 34.9 ± 0.8 7.6 ± 1.7 11.2 ± 1.5
1600/800 20 268.1 ± 6.1 35.8 ± 0.7 21.1 ± 1.9 22.9 ± 1.0

(a) BSFC (b) DSR

(c) ESR (d) FCE

Figure 5. Fuel-use and engine-performance indicators under diesel-only and hydrous-ethanol
dual-fuel operation: (a) brake-specific fuel consumption (BSFC), (b) diesel substitution ratio (DSR),
(c) energy substitution ratio (ESR), and (d) brake fuel conversion efficiency (FCE).

Figure 5a presents the brake-specific fuel consumption (BSFC) for the baseline diesel
operation and for the dual-fuel cases with ethanol injection pulse widths of 10 and 20 ms.
In all operating conditions, the addition of ethanol increased the mass-based BSFC, by
between 9.2% and 87.6% relative to the corresponding baseline. Part of this increase is
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expected and does not, by itself, indicate a deterioration of engine operation: because
ethanol has a lower LHV than Diesel S10, a larger fuel mass is required to deliver the same
fuel energy and, therefore, the same brake power when part of the diesel is replaced by
ethanol. To distinguish this inherent heating-value effect from a genuine efficiency penalty,
the BSFC increase that would result from the lower LHV of the diesel–ethanol mixture
alone, i.e., at constant FCE, was also estimated for each case; any increase beyond this value
reflects a loss in fuel conversion efficiency.

At low load, the increase in BSFC was more pronounced. At 1200 rpm and 200 N·m,
BSFC increased from 241.1 g/kWh in the baseline case to 334.6 g/kWh with 10 ms ethanol
injection and 440.9 g/kWh with 20 ms, corresponding to increases of 38.8% and 82.9%,
respectively. Similar behavior was observed at 1600 rpm and 200 N·m, where BSFC
increased from 260.4 g/kWh to 387.5 g/kWh and 488.5 g/kWh, representing increases
of 48.8% and 87.6%, respectively. With 20 ms injection, only about half of these increases
(41.9% at 1200 rpm and 40.9% at 1600 rpm) can be attributed to the lower LHV of the
fuel mixture; the remainder reflects a genuine efficiency loss, which constitutes a clear
disadvantage of ethanol fumigation at low load. This loss is mainly attributed to the
cooling effect of ethanol evaporation and the lower in-cylinder temperature, which reduce
combustion completeness.

At high load, the BSFC increase was substantially smaller, ranging from 9.2% to 21.8%,
i.e., approximately 3.4 to 6.6 times smaller than the corresponding low-load increases. At
1200 rpm and 800 N·m, BSFC increased from 221.0 g/kWh to 246.5 g/kWh and 269.2 g/kWh
for 10 and 20 ms, corresponding to increases of 11.5% and 21.8%, respectively. At 1600 rpm
and 800 N·m, the increase was even more moderate, from 236.6 g/kWh to 258.4 g/kWh
and 268.1 g/kWh, corresponding to increases of 9.2% and 13.3%, respectively. Notably, the
13.3% increase observed at 1600 rpm and 800 N·m with 20 ms injection is entirely explained
by the lower LHV of the fuel mixture (13.4%), which means that diesel was partially
replaced by ethanol without a measurable efficiency penalty; this is a favorable result
for the proposed strategy. This suggests that high-load operation partially compensates
for the negative effects of ethanol cooling, since the higher combustion temperature and
turbulence improve fuel oxidation.

Figure 5b shows the diesel substitution ratio (DSR), which quantifies the reduction in
diesel mass flow relative to the baseline diesel-only condition. As expected, the baseline
cases present zero diesel substitution, while increasing the ethanol injection pulse width
from 10 to 20 ms increased the DSR by a factor of 2.0 to 2.8 in all operating conditions.

The highest diesel substitution levels occurred under low-load conditions. At 1200 rpm
and 200 N·m, DSR increased from 30.6% with 10 ms ethanol injection to 61.9% with 20 ms.
At 1600 rpm and 200 N·m, the corresponding values were 24.1% and 60.0%. These results
indicate that, at low load, approximately 60% of the diesel mass can be replaced by ethanol,
which is the most favorable result in terms of fossil-fuel displacement. However, this high
substitution level must be interpreted together with the BSFC and FCE results, since the
same conditions also showed the strongest deterioration in fuel conversion efficiency.

At high load, the DSR was approximately one-third of the corresponding low-load
value. At 1200 rpm and 800 N·m, DSR reached 10.0% and 20.2% for 10 and 20 ms, respec-
tively. At 1600 rpm and 800 N·m, the values were 7.6% and 21.1%. This lower substitution
level is associated with the higher total energy demand at high torque, where a larger diesel
contribution is still required to sustain combustion and maintain the imposed brake load.
Nevertheless, because the baseline diesel consumption at high load is much larger, the
absolute diesel mass flow displaced with 20 ms injection was greater at high load than
at low load: 1.234 versus 1.030 g/s at 1200 rpm and 1.833 versus 1.494 g/s at 1600 rpm,
i.e., approximately 20–23% more diesel saved per unit time. Therefore, the lower DSR at
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high load does not imply a smaller diesel saving in absolute terms, which is favorable
because fuel consumption and, hence, the potential for diesel savings are greatest in this
operating range.

Figure 5c presents the energy substitution ratio (ESR), which represents the fraction of
the total chemical energy supplied by ethanol during dual-fuel operation. This parameter
is essential because it evaluates fuel substitution on an energy basis rather than only on a
mass-flow basis.

The ESR followed the same general trend as the DSR, increasing with ethanol injection
pulse width and reaching higher values under low-load conditions. At 1200 rpm and
200 N·m, ethanol contributed 39.8% of the total fuel energy with 10 ms injection and 71.6%
with 20 ms. At 1600 rpm and 200 N·m, the ESR values were similarly high, reaching 37.2%
and 69.8%. These results demonstrate that ethanol became the dominant energy source at
low load when the 20 ms pulse width was applied.

At high load, the energy contribution of ethanol was approximately one-third of that
obtained at low load. At 1200 rpm and 800 N·m, ESR increased from 13.6% to 25.5% when
the ethanol pulse width was increased from 10 to 20 ms. At 1600 rpm and 800 N·m, the
corresponding values were 11.2% and 22.9%. Therefore, although ethanol injection effec-
tively reduced diesel demand in all cases, its energy contribution was strongly dependent
on engine load. The low-load cases favored high ethanol energy substitution, whereas
high-load cases maintained a larger diesel energy contribution.

Figure 5d shows the fuel conversion efficiency (FCE), calculated by considering the
chemical energy supplied by both diesel and ethanol. Unlike BSFC, which is a mass-based
metric, FCE provides a more direct thermodynamic indication of how effectively the engine
converted the total fuel energy into brake power.

At low load, ethanol injection reduced FCE considerably, by 3.9 to 8.1 percentage points
(11.2% to 24.9% in relative terms), which represents the main performance disadvantage
of the strategy. At 1200 rpm and 200 N·m, FCE decreased from 35.1% in the baseline case
to 31.2% and 27.3% for 10 and 20 ms ethanol injection, corresponding to reductions of 3.9
and 7.9 percentage points, respectively. At 1600 rpm and 200 N·m, the penalty was even
stronger, with FCE decreasing from 32.5% to 26.6% and 24.4%, corresponding to reductions
of 5.9 and 8.1 percentage points, respectively. This confirms that, although ethanol allowed
substantial diesel substitution at low load, a significant portion of the supplied chemical
energy was not efficiently converted into brake work.

At high load, the FCE penalty was much smaller and did not exceed 2.2 percentage
points (5.7% in relative terms). At 1200 rpm and 800 N·m, FCE decreased slightly from
38.3% to 37.1% and 36.2%, corresponding to reductions of 1.2 and 2.2 percentage points,
respectively. At 1600 rpm and 800 N·m, FCE remained practically unchanged, varying from
35.8% in the baseline condition to 34.9% with 10 ms and 35.8% with 20 ms, i.e., changes
of −0.9 and +0.03 percentage points, which are of the same order as or smaller than the
propagated SD reported in Table 6. This result is particularly relevant because it suggests
that, under high-load and medium-speed operation, ethanol fumigation can reduce diesel
consumption while maintaining nearly the same fuel conversion efficiency. The higher
in-cylinder temperature and stronger turbulence at this operating point likely improved
ethanol–air mixing and oxidation.

3.2. Emission Characteristics Under Dual-Fuel Operation

The exhaust-gas concentration results are consolidated in Table 7, reported as mean
± CI95 with the percentage change relative to the corresponding diesel-only baseline. A
superscript asterisk marks changes that are statistically significant at α = 0.05 according to
a Welch t-test on the raw repetitions. The trends are illustrated in Figures 6 and 7.
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Figure 6a presents the CO2 emissions for all operating conditions. The addition
of ethanol reduced the CO2 concentration in all eight dual-fuel cases, by 2.8% to 18.0%
relative to the corresponding baseline, which is a favorable outcome of the strategy. These
reductions were statistically significant in all cases at 1600 rpm, whereas at 1200 rpm, they
remained within the experimental scatter (Table 7).

Table 7. Exhaust-gas concentrations (mean ± CI95) and percentage changes relative to the diesel-only
baseline. CO2 and CO are expressed in % vol and HC and NOx in ppm. * Statistically significant
change versus baseline (Welch t-test, α = 0.05).

Operating
Condition
rpm/N·m

PW
(ms) CO2 (% vol) CO (% vol) HC (ppm) NOx (ppm)

1200/200 0 4.37 ± 0.14 0.03 ± 0.01 29 ± 24 402 ± 81
1200/200 10 3.83 ± 0.63 (−12%) 0.24 ± 0.31 (+788%) 62 ± 23 (+112%∗) 328 ± 76 (−18%∗)
1200/200 20 3.63 ± 0.80 (−17%) 0.38 ± 0.37 (+1325%) 158 ± 230 (+440%) 282 ± 138 (−30%∗)

1200/800 0 9.40 ± 0.66 0.03 ± 0.01 30 ± 29 1027 ± 99
1200/800 10 9.13 ± 0.87 (−3%) 0.05 ± 0.01 (+40%∗) 37 ± 18 (+22%) 954 ± 84 (−7%)
1200/800 20 9.07 ± 0.52 (−4%) 0.06 ± 0.01 (+70%∗) 46 ± 18 (+52%) 893 ± 101 (−13%∗)

1600/200 0 4.03 ± 0.20 0.03 ± 0.01 47 ± 37 248 ± 14
1600/200 10 3.60 ± 0.13 (−11%∗) 0.35 ± 0.03 (+1191%∗) 103 ± 58 (+120%∗) 197 ± 19 (−21%∗)
1600/200 20 3.30 ± 0.13 (−18%∗) 0.57 ± 0.07 (+1982%∗) 288 ± 236 (+517%∗) 161 ± 19 (−35%∗)

1600/800 0 8.82 ± 0.24 0.03 ± 0.01 123 ± 165 213 ± 18
1600/800 10 7.75 ± 0.28 (−12%∗) 0.08 ± 0.03 (+191%∗) 56 ± 31 (−54%) 263 ± 20 (+23%∗)
1600/800 20 7.60 ± 0.23 (−14%∗) 0.15 ± 0.02 (+464%∗) 42 ± 23 (−66%) 212 ± 8 (−0.5%)

(a) CO2 (b) CO

(c) HC (d) NOx

Figure 6. Regulated exhaust emissions under diesel-only and hydrous-ethanol dual-fuel operation:
(a) carbon dioxide (CO2), (b) carbon monoxide (CO), (c) total hydrocarbons (HC), and (d) nitrogen
oxides (NOx).
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At 1200 rpm and 200 N·m, CO2 decreased from 4.37% vol in the baseline condition to
3.83% vol and 3.63% vol with 10 and 20 ms ethanol injection, corresponding to reductions
of 12.2% and 16.8%, respectively. At 1600 rpm and 200 N·m, the reduction was similar,
from 4.03% vol to 3.60% vol and 3.30% vol, corresponding to reductions of 10.6% and
18.0%, respectively. These reductions are mainly associated with the lower carbon content
of ethanol compared with diesel. However, at low load, part of this decrease does not
represent a net carbon benefit: the simultaneous rise in CO (0.21–0.55% vol) corresponds to
approximately 40–75% of the CO2 decrease, indicating that a fraction of the fuel carbon
was emitted as CO instead of being fully oxidized to CO2.

At high load, the response depended more strongly on engine speed. At 1200 rpm
and 800 N·m, CO2 decreased only slightly, from 9.40% vol to 9.13% vol and 9.07% vol,
equivalent to reductions of 2.8% and 3.5%, respectively. In contrast, at 1600 rpm and
800 N·m, CO2 decreased from 8.82% vol to 7.75% vol and 7.60% vol, corresponding to
reductions of 12.1% and 13.8%, respectively. In this case, the CO increase corresponded
to no more than about 10% of the CO2 decrease, so the CO2 reduction mainly reflects the
substitution of diesel by ethanol rather than incomplete oxidation. This indicates that the
combination of higher speed and high load favored a more effective use of the ethanol
fraction, leading to a more pronounced reduction in carbon-based emissions.

Figure 6b shows the CO emissions. In contrast to CO2, CO increased in all dual-fuel
cases, revealing a clear penalty associated with incomplete combustion. This behavior is
one of the main limitations of ethanol fumigation in compression-ignition engines.

The CO increase was particularly severe under low-load conditions. At 1200 rpm
and 200 N·m, CO increased from 0.027% vol in the baseline case to 0.237% vol with 10 ms
and 0.380% vol with 20 ms, representing increases of 787.5% and 1325%, respectively. At
1600 rpm and 200 N·m, the increase was even stronger, from 0.028% vol to 0.355% vol and
0.573% vol, corresponding to increases of 1190.9% and 1981.8%, respectively. At 1600 rpm,
these increases were statistically significant, whereas at 1200 rpm, the large run-to-run
scatter of the dual-fuel measurements placed them within the experimental uncertainty
(Table 7).

At high load, CO emissions also increased, but the relative penalty (+40% to +464%)
was considerably smaller than at low load (+788% to +1982%), and the absolute CO
concentration did not exceed 0.155% vol. At 1200 rpm and 800 N·m, CO increased from
0.033% vol to 0.047% vol and 0.057% vol, corresponding to increases of 40% and 70%,
respectively. At 1600 rpm and 800 N·m, CO increased from 0.028% vol to 0.080% vol and
0.155% vol, representing increases of 190.9% and 463.6%, respectively. The increase in CO is
mainly attributed to the high latent heat of vaporization of ethanol, which cools the intake
charge and reduces the oxidation rate of CO to CO2. This effect is intensified at low load,
where the baseline combustion temperature is already lower.

Figure 6c presents the hydrocarbon (HC) emissions. The HC response was strongly
dependent on load and speed, revealing a complex interaction between ethanol evaporation,
combustion temperature, mixture preparation, and oxidation completeness.

At low load, HC emissions increased substantially with ethanol injection. At 1200 rpm
and 200 N·m, HC increased from 29.3 ppm in the baseline case to 62.3 ppm and 158.3 ppm
with 10 and 20 ms injection, representing increases of 112.5% and 439.8%, respectively.
At 1600 rpm and 200 N·m, HC increased from 46.8 ppm to 102.8 ppm and 288.5 ppm,
corresponding to increases of 119.8% and 517.1%, respectively. This confirms that low-load
ethanol fumigation intensified incomplete combustion, most likely due to charge cooling
and flame quenching near colder regions of the combustion chamber.
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At 1200 rpm and 800 N·m, HC also increased but with a lower magnitude, from
30.3 ppm to 37.0 ppm and 46.0 ppm. This corresponds to an increases of 22.0% and 51.6%,
respectively, neither of which was statistically significant. However, a different trend
was observed at 1600 rpm and 800 N·m. In this condition, HC decreased from approx-
imately 123 ppm in the baseline case to 56.5 ppm and 41.8 ppm with ethanol injection,
corresponding to reductions of 54.1% and 66.1%, respectively. This suggests that, at high
load and higher engine speed, the increase in in-cylinder temperature and turbulence was
sufficient to overcome the cooling effect of ethanol and promote more complete oxidation
of unburned hydrocarbons. Nevertheless, these reductions were not statistically signif-
icant because of the large scatter of the baseline HC measurement under this condition
(123 ± 165 ppm); they should therefore be interpreted as a favorable tendency rather than
a confirmed benefit.

Figure 6d shows the NOx emissions under baseline and dual-fuel operation. In seven
of the eight dual-fuel cases, ethanol injection reduced NOx emissions, by up to 35.2%,
mainly due to the charge-cooling effect associated with ethanol vaporization. Since thermal
NOx formation is highly dependent on peak combustion temperature, the lower in-cylinder
temperature caused by ethanol addition tends to inhibit NOx formation.

At low load, NOx reductions were consistent and statistically significant in all four
cases. At 1200 rpm and 200 N·m, NOx decreased from 402.2 ppm to 328.3 ppm and
281.6 ppm with 10 and 20 ms ethanol injection, corresponding to reductions of 18.4% and
30.0%, respectively. At 1600 rpm and 200 N·m, NOx decreased from 248.4 ppm to 196.7 ppm
and 160.9 ppm, corresponding to reductions of 20.8% and 35.2%, respectively. These results
indicate that low-load operation is highly sensitive to ethanol-induced cooling, making
NOx mitigation more effective, which is a clear environmental benefit of the strategy.

At 1200 rpm and 800 N·m, NOx decreased from 1026.9 ppm to 954.4 ppm and
893.4 ppm, corresponding to reductions of 7.1% and 13.0%, respectively, although only the
latter was statistically significant. However, at 1600 rpm and 800 N·m, the behavior was
different. NOx increased from 212.9 ppm to 262.6 ppm with 10 ms injection, corresponding
to a statistically significant increase of 23.3%, which is an undesirable outcome, then re-
turned to the baseline level with 20 ms injection (−0.5%, not statistically significant). This
indicates a competition between two opposite mechanisms: ethanol evaporation reduces
temperature, but the combustion of a premixed ethanol–air charge at high load and high
turbulence can create localized temperature peaks, favoring NOx formation.

Figure 7 summarizes the relative emission variation with respect to the baseline diesel
operation. Positive values indicate emission reduction, whereas negative values indicate
an emission penalty. This overview clearly shows the main trade-off of the proposed
dual-fuel strategy.

For CO2, all dual-fuel cases presented reductions. The strongest CO2 reductions were
observed at low load with 20 ms ethanol injection, reaching 16.8% at 1200 rpm and 18.0%
at 1600 rpm. A significant reduction was also observed at 1600 rpm and 800 N·m, where
CO2 decreased by 13.8% with 20 ms ethanol injection. Therefore, ethanol fumigation
consistently reduced CO2 emissions, mainly because ethanol has a lower carbon content
than Diesel S10.

For NOx, the response was also generally favorable, especially at low load. NOx
reductions reached 30.0% at 1200 rpm and 200 N·m and 35.2% at 1600 rpm and 200 N·m
with 20 ms ethanol injection. However, at 1600 rpm and 800 N·m, the 10 ms case produced a
NOx increase of 23.3%, indicating that the premixed combustion phase may locally increase
temperature under high-load and medium-speed conditions.
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In contrast, CO and HC showed strong penalties in several cases. CO increased in all
dual-fuel conditions, with the largest penalties occurring at low load: +1325% at 1200 rpm
and 200 N·m and +1981.8% at 1600 rpm and 200 N·m with 20 ms ethanol injection. HC also
increased sharply at low load, reaching +439.8% and +517.1% under the same respective
conditions. Nevertheless, the high-load case at 1600 rpm showed a tendency toward lower
HC emissions, with a reduction of 66.1% with 20 ms ethanol injection, suggesting improved
oxidation under higher temperature and turbulence, although this reduction remained
within the scatter of the baseline measurement.

Overall, Figure 7 demonstrates that ethanol fumigation can effectively reduce CO2

and NOx emissions, but this benefit is accompanied by significant CO and HC penalties,
especially at low load. Therefore, the feasibility of this strategy depends on calibration
improvements capable of preserving the CO2/NOx advantages while reducing incomplete-
combustion products.

Figure 7. Relativeemission variation under dual-fuel operation compared with the corresponding
diesel-only baseline. Positive values indicate reductions, and negative values indicate penalties.

3.3. Comparison with Previous Dual-Fuel Studies

The present results follow the general trend of recent dual-fuel reviews while also
showing that the response of ethanol-assisted combustion depends strongly on engine scale,
calibration, and load. No, Sahu et al., and Rios et al. [3,9,14] report that alcohol-assisted
compression-ignition combustion can reduce carbon-based and soot-related species and
NOx, while incomplete-combustion products may increase when mixture preparation and
oxidation are not adequately controlled. The current data follow this pattern: exhaust
CO2 concentration decreased in all dual-fuel cases, and NOx decreased under most condi-
tions, but the same low-load points that favored high ethanol substitution also produced
the strongest CO and HC penalties. Compared with the hydrous-ethanol PFI study of
Rosa et al. [10], the present work confirms that ethanol fumigation can reach high substi-
tution levels (DSR of 60–62% and ESR of 70–72% at low load) but reveals a more severe
incomplete-combustion penalty in a larger agricultural engine under continuous injection.
The comparison with the ethanol-PFI/EGR investigation of Gurbuz et al. [21] reinforces the
role of charge cooling in the observed NOx reductions, and the sensitivity to ethanol deliv-
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ery rate and phasing is consistent with Trung Tuan et al. [22]. Relative to the more advanced
architectures of Costa et al., Ianniello et al., and Zhang et al. [23–25], the contribution of the
present study is the specific, directly field-transferable combination summarized in Table 8:
an independent retrofit PFI system, commercial hydrous ethanol, Brazilian Diesel S10/B14,
and a commercial John Deere 6068 MAR-1/Tier 3 engine, evaluated through an integrated
DSR/ESR/FCE/emission framework.

Table 8. Positioning of the present work relative to representative ethanol/dual-fuel studies.

Study Strategy Engine Scale Fuels Distinctive Focus

Rosa et al. [10] Hydrous-ethanol PFI Small/single-cyl.
research Ethanol + diesel Substitution level,

economics

Gurbuz et al. [21] Ethanol PFI + EGR Laboratory Ethanol + diesel NOx and damage-cost

Trung Tuan et al. [22] Ethanol port injection Heavy-duty diesel Ethanol + diesel Injection
timing/phasing

Costa et al. [23] Renewable-diesel
dual-fuel Generator set Bioethanol + renewable

diesel Small-scale power

Ianniello et al. [24] Ethanol
blend/dual-fuel Advanced CI platform Ethanol + diesel Advanced combustion

Zhang et al. [25] Bioethanol ICCI Advanced CI platform Bioethanol + diesel Intelligent charge CI

Present work Independent retrofit
PFI

Commercial 6.8 L
agricultural (JD 6068)

Hydrous ethanol +
Diesel S10/B14

Integrated
BSFC/DSR/ESR/FCE
+ emissions,
MAR-1/Tier 3

4. Conclusions
This study showed that an independent hydrous-ethanol port-fuel-injection system

can be retrofitted to a John Deere PowerTech™ Plus 6068 agricultural engine and operated
alongside the original high-pressure common-rail diesel system without modifying the
factory ECU. Ethanol fumigation reduced the diesel mass flow in all tested conditions,
confirming the technical feasibility of partially replacing Brazilian Diesel S10/B14 with
commercial hydrous ethanol in a commercial-scale agricultural engine.

Engine load governed the value of this substitution. At low load, ethanol displaced
approximately 60% of the diesel mass but reduced the fuel conversion efficiency by up to
8.1 percentage points. At high load, the relative substitution was smaller, but the absolute
diesel saving per unit time was greater and, at 1600 rpm and 800 N·m with 20 ms injection,
diesel was partially replaced without a measurable efficiency penalty. High substitution
alone is therefore not a sufficient criterion for defining the operating strategy.

Ethanol fumigation consistently lowered the exhaust CO2 concentration and reduced
NOx in seven of the eight dual-fuel cases, mainly through charge cooling. Conversely, CO
and HC increased, most severely at low load, where charge cooling, very lean premixed
mixtures, and the trapping of the ethanol–air charge in crevices and quench layers limit
oxidation. For agricultural use, these results point to a load-dependent strategy, with larger
ethanol quantities at medium-to-high load and reduced quantities at low load, where the
efficiency and incomplete-combustion penalties are largest.

Future work will proceed along three complementary lines: (i) extending the tests to a
denser map of speeds, loads, and ethanol quantities; to transient agricultural cycles; and
to field operation so that the optimum operating point identified here can be generalized
into a load-dependent ethanol calibration and expressed in practical indicators such as
machine autonomy; (ii) introducing in-cylinder pressure analysis to relate the emissions to
ignition delay, heat release, and pressure-rise rate and completing the emission inventory
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with smoke, particulate matter, unburned ethanol, and aldehydes; and (iii) optimizing the
control and hardware of the retrofit system through sequential or split ethanol injection,
closed-loop lambda control, intake thermal management, coordinated diesel injection
timing where the calibration is accessible, and a diesel oxidation catalyst to mitigate CO
and HC. Design-of-experiments and multi-objective optimization methods, combined with
techno-economic and life-cycle assessments, will then support the definition of operating
regions that maximize diesel displacement while minimizing emission penalties.
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Nomenclature and Abbreviations

Symbol Definition Unit or basis

ANP
Brazilian National Agency of Petroleum, Natural Gas, and
Biofuels

–

B14 Diesel B containing 14% biodiesel by volume % vol
BSFC Brake-specific fuel consumption g kWh−1

CI Compression ignition –
CI95 95% confidence interval of the mean same as metric
CO Carbon monoxide concentration in the exhaust gas % vol
CO2 Carbon dioxide concentration in the exhaust gas % vol
CV Coefficient of variation %
DSR Diesel substitution ratio %
ECU Electronic control unit –
EGR Exhaust gas recirculation %
ESR Energy substitution ratio %
FAME Fatty acid methyl esters in biodiesel % vol
FCE, η f Brake fuel conversion efficiency %

FT550
FuelTech programmable electronic control unit used for
ethanol injection

–

HC Total hydrocarbon concentration in the exhaust gas ppm vol
HPCR High-pressure common-rail diesel injection system –
ICCI Intelligent charge compression ignition –
IPM Intelligent power management –
LHVd Lower heating value of Diesel S10/B14 kJ kg−1

LHVe Lower heating value of hydrous ethanol kJ kg−1
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MAR-1
Brazilian emission standard for agricultural and road ma-
chinery

–

MOVER Brazilian Green Mobility and Innovation Program –
N Engine rotational speed rpm
NDIR Non-dispersive infrared spectroscopy –
NOx Nitrogen oxides concentration in the exhaust gas ppm or g kWh−1

Pb Brake power kW
PFI Port fuel injection –
PM Particulate matter –
PTO Power take-off –
PW Ethanol injector pulse width ms
SD Standard Deviation –
SDG United Nations Sustainable Development Goal –
T Brake torque N·m
ṁd Diesel S10/B14 mass-flow rate g s−1

ṁd,b Diesel mass-flow rate in the baseline diesel-only condition g s−1

ṁd,d f Diesel mass-flow rate during dual-fuel operation g s−1

ṁe Hydrous ethanol mass-flow rate g s−1

ṁ f ,tot Total fuel mass-flow rate g s−1
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